Abstract: We present a numerical study of the interactions between two solitons that split from two picosecond pulses with different time intervals during supercontinuum generation in a photonic crystal fiber. We demonstrate the manner in which the soliton interaction evolves along the fiber and affects the dynamics of the soliton pair. The results show that spectral broadening can be attributed to interpulse soliton collisions. By selecting an appropriate time interval for the two pulses, the spectral bandwidth can be effectively extended. Using two closely spaced pumping pulses, each having a peak power of 100 W, the width of the supercontinuum (SC) spectrum is increased by a maximum of 232. 2 nm (measured at À30 dB) compared with the spectral width obtained with a single pump pulse of the same peak power. This phenomenon based on two pump pulses with a short time interval can generate a wider SC spectrum.
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Introduction
Supercontinuum (SC) generation is a phenomenon whereby nearly continuous spectral broadening occurs when narrowband optical pulses undergo propagation in a nonlinear medium [1] . Broadband SC lasers can be efficiently generated by pumping with high-power pulsed lasers (femtosecond, picosecond, and nanosecond pulses) or even with continuous-wave lasers. Supercontinuum generation has been studied and demonstrated in various special optical fibers, including microstructure fibers [2] , taper fibers [3] , highly nonlinear fibers [4] , fluoride fibers [5] , tellurite fibers [2] , chalcogenide fibers [6] , and germanium fibers [7] . Due to its applicability in numerous fields of science, such as optical metrology [8] , biomedical optics [9] , optical communications [10] , and short pulse synthesis [11] , SC generation has received significant attention in recent years, particularly in the development of methods for effectively extending the SC light source spectrum. Supercontinuum generation arises as the joint result of a pump light source and a nonlinear medium. Moreover, the bandwidth of the generated SC depends on the properties of the pump light source and the nonlinear medium. However, most of the methods mentioned above focus on fibers with special structures or material components to increase the SC bandwidth. Some studies have focused on the pump light source's center wavelength, pulse width, and power. In [12] , a model of "time aliasing" is presented to predict spectral changes. However, the model failed to provide a specific relationship between the time intervals and the broadening of the spectrum. Based on this previous work [12] , we quantitatively research two closely spaced pump pulses for SC generation and investigate the impact of the time interval between the two pump pulses on the generated supercontinuum bandwidth.
In this paper, a comprehensive framework is presented to study the nonlinear evolution of two pulses along a photonic crystal fiber (PCF). The fiber exhibits broadening at both spectral edges compared with isolated SC pulses, which can be attributed to collisions between time-lagging solitons. By enhancing the collision process between the solitons and utilizing the special structure or material of the fiber, this approach is expected to further expand the SC spectrum and offer significant reductions in cost.
This paper is organized as follows. In Section 2, the theoretical propagation model of an ultrashort pulse with high-order dispersion and higher order nonlinear effects in a PCF is introduced. In Section 3, the phenomena of collisions between solitons split from two pulses in a PCF are described and analyzed in detail. Finally, in Section 4, the numerical results are summarized.
Principle and Numerical Model
A simple schematic diagram of conventional single-pulse pumping for SC generation is shown in Fig. 1(a) . In general, the time interval of the pumping pulse sequence is very long. The repetition rate of a typical pumping pulse on the level of MHz corresponds to a pulse interval of nanoseconds. However, the relative time delays of the slowest soliton split from the pulse are only hundreds of picoseconds. Therefore, the pumping pulses are relatively independent during SC generation, and the pumping pulses have little effect on each other. However, for pumping pulses with short time intervals, as shown in Fig. 1(b) , the time interval between two pulses is shorter than the time delay of the slowest soliton. Therefore, the second pulse is affected by the time-delayed soliton split from the previous pulse through soliton collision. An interaction exists between pulses during SC generation as the pulse propagates through the PCF, which affects the bandwidth of the generated SC. The specific mechanism is illustrated in the following sections.
To model the SC pulse collisions, different time intervals between the two initial pump pulses are employed in numerical simulations. The numerical simulation is based on the generalized nonlinear Schrödinger equation (GNLSE) given in (1) [13] , shown below, which includes highorder dispersion and nonlinear terms
where A ðz; T Þ is the time domain field envelope, T ¼ t À 1 z is the retarded time traveling at the group velocity of the pump, and z is the propagation distance. The fourth-order Rung-Kutta approach employed in the interaction picture method [14] , [15] is used to solve (1) numerically. The noise of the input field is modeled by adding one photon with a random phase to each frequency bin of the pump pulse [16] . The input pulses are set to an unchirped hyperbolic secant form, with a center wavelength of 1060 nm, peak power P 0 ¼ 100 W, and full width half maximum The other fiber parameters are taken from a study by Dudley et al., describing a PCF with a single zero dispersion wavelength at 1055 nm [17] . The nonlinear coefficient is 15 ðW kmÞ À1 . We use a detailed form of the nonlinear response function Rðt Þ with f R ¼ 0:245 [18] . The dispersion of the nonlinearity is characterized by a shock of 0.66 fs. For the near-infrared wavelengths of interest, the attenuation is relatively low such that absorption is neglected.
Numerical Simulation and Analysis
During SC generation, a high-order soliton splits into multiple fundamental solitons due to perturbations caused by the Raman effect. The first ejected soliton features a shorter temporal width and a higher peak power compared to solitons ejected later [16] . We focus on the dynamics of the first soliton collision between two closely spaced pulses. Other soliton collisions undergo similar interactions; however, they are often perturbed by collisions amongst each other. Fig. 2 shows the temporal and spectral evolution of two pump pulses as a function of fiber length and the corresponding spectrograms after 30 m of fiber. The red circle in Fig. 2(a) indicates the violent collision process between soliton A and soliton B at a length of 21.6 m, where soliton A and soliton B have the slowest transmission speed and are the highest energy solitons in pulse A and pulse B, respectively. The temporal overlap between soliton A and soliton B, within the spectral range of Raman scattering, enhances the energy of the red-shifted soliton A. Red-shifted solitons travel more slowly than those at higher frequencies. Therefore, any two frequency-separated solitons may eventually collide while propagating through a fiber. When the solitons collide, some energy is transferred to the more red-shifted soliton A. Fig. 2(c) provides an enlarged partial view of Fig. 2(b) . As shown in Fig. 2(c) , when soliton A and soliton B undergo soliton collisions in which energy is transferred (due to Raman scattering) between solitons, the solitons can obtain a higher peak power, become shorter, and undergo a larger red-shift. The values plotted in the color bar in all figures are relative values. Red corresponds to the highest relative power; black corresponds to the lowest relative power. Fig. 3 shows the spectrograms of two pump pulses with a 3-ps time interval at different fiber lengths. From Fig. 3(c) , we can see that after the soliton collision (approximately 22.5 m), some energy is transferred from soliton B to soliton A. This transfer results in a further red-shift and an increase in energy. The energy increase leads to a corresponding compression, and the redshifted soliton is shorter in duration, leading to further Raman self-scattering. The increased redshift also slows the soliton, causing it to pass by more solitons and experience more collision events. In combination, these effects lead to a significantly enhanced red-shift for the solitons and cause a number of solitons to become particularly dominant and red-shifted. At the same time, in the normal dispersion regime, the dispersive wave decelerates and primarily remains trapped by the potential barrier presented by the decelerating soliton. This soliton-dispersive wave interaction process continues: the soliton continues to decelerate, and the dispersive wave catches up with the soliton, interacts and rebounds. These periodic interactions lead to stepwise frequency blue-shifts each time the soliton and DW collide [19] , causing both ends of the spectrum to extend. Fig. 4 shows the temporal evolution of two pump pulses as a function of fiber length. It is evident from Fig. 1 that solitons with the slowest transmission speed and the highest energy in pulse A and pulse B collide earlier when the two pump pulses have a short time interval. In Fig. 4(a) (red circle) , when the two pump pulses have a time interval of 3 ps, a soliton collision occurs at 16.1 m. In Fig. 4(b) (red circle), a soliton collision occurs at 25.9 m when the two pump pulses have a time interval of 5 ps. The slowest transmission speed and the highest energy solitons in pulse A and pulse B in Fig. 4(c) do not collide over the entire 30-m fiber length. Fig. 5 shows the spectrum evolution of two pump pulses over the 30-m fiber length and the corresponding spectrum at 30 m. As shown in Fig. 5 , a short time interval results in a large extension of the spectrum. Only collisions between solitons of the slowest transmission speed in pulse A and pulse B (soliton A in pulse A and soliton B in pulse B) result in broadening of both ends of the spectrum. Therefore, to satisfy the strong soliton collision condition, soliton A must have a higher peak power and a slower group velocity, that is, the time delay must be larger than the time interval between soliton A and soliton B. Two pulses composed of different random input noises render the strong soliton collision uncertain to some extent. Only reducing the time interval between the two pulses can increase the incidence of collision. Fig. 6 shows the broadened spectrum relative to the initial single pumping pulse with a peak power of 100 W. The time interval was increased from 2 ps to 16 ps in increments of 1 ps. The spectrum width is measured at À30 dB. The dashed line corresponds to the broadened spectrum width under the condition of a single-pulse pumping scenario with a peak power of 200 W. Fig. 6 shows that a short time interval results in evident spectrum broadening. When the time interval is 3 ps, a maximum broadening spectrum width of 232.2 nm is obtained, which is 83.6 nm wider than the spectrum pumped by the single-pulse scenario with a peak power of 200 W. The soliton collisions between two solitons split from two closely spaced pulses are similar to those between two solitons split from a single pulse. When the time interval between the two pulses is long, the soliton with the slowest transmission speed split from pulse A undergoes a long delay before colliding with the soliton split from pulse B. The delay time is equal to the time interval between pulse A and pulse B. The soliton split from pulse B does not have the highest energy. After a long transmission time, the center wavelength of the slowest soliton in pulse A undergoes a large red shift because of the Raman effect. Hence, the center wavelength of the two colliding solitons does not reach the optimal matching condition for Raman gain. These two factors restrict the energy transfer from soliton B to soliton A. In Fig. 6 , the spectrum broadening is smaller when the time interval is 2 ps compared to 3 ps. This phenomenon is attributed to the inadequate soliton fission process in pulse A and pulse B. Soliton A in pulse A does not reach its maximum power value, nor does soliton B. The center wavelength of the two colliding solitons also does not reach the optimal matching condition for Raman gain. Therefore, in the following soliton collision between soliton A and soliton B, less energy is transferred from soliton B to soliton A, which restricts the spectrum broadening to some extent. Fig. 6 illustrates that the supercontinuum bandwidth does not always increase as the time interval decreases. There is an optimal value for enhancing supercontinuum generation. Thus, the SC bandwidth can be considerably broadened by adjusting the time interval between two pulses through a variable optical time delay line and a coupler.
Conclusion
We have examined soliton interactions during supercontinuum generation by the numerical simulation of two picosecond laser pulses with different time intervals propagating in a PCF. The frequency component corresponding to the peak intensity in the soliton is used to obtain insight into the frequency blue-and red-shifts at both ends of the spectrum. We find that there is a reasonable time interval between two pump pulses. Two factors restrict the broadening of the supercontinuum spectrum: a long time interval, which results in the soliton split from the pulse not having the highest energy after a long transmission time, and Raman gain wavelength mismatch, which constrains the energy transfer from a soliton of short wavelength to one of long wavelength. In general, the bandwidth of the supercontinuum can be distinctly extended by setting an appropriate time interval between two pump pulses.
